INTRODUCTION {#SEC1}
============

The hormone estrogen (17β-estradiol, E2) has a key role in cell proliferation and differentiation. The effects of E2 have been widely analyzed in human mammary gland where it is responsible for normal epithelial growth and for the development of 70--80% of human breast cancer tumors ([@B1]). The biological effects of E2 on mammary epithelium are mediated by the estrogen receptor α (ERα), a ligand-activated transcription factor. Structurally, ERα is organized in functionally independent domains that include an N-terminal domain, a DNA-binding domain, formed by two cysteine-rich zinc-finger motifs, and a C-terminal ligand-binding domain (LBD) ([@B2]). ERα transactivation is mediated by two transcriptional activating domains, designated AF-1 and AF-2. AF-1 is located at the N-terminal region of ERα and is characterized by a ligand-independent transcriptional activity ([@B3],[@B4]). AF-2 is located within the LBD domain of ERα and its transcriptional activity shows a strong ligand-dependency.

Structural and functional studies have shown that ligand binding induces a major conformational change in the LBD domain of ERα. The structural rearrangement creates a new docking interphase that allows AF-2 to interact with numerous coregulator proteins ([@B5],[@B6]). AF-2-associated coregulators capable of enhancing nuclear receptor transactivation are called coactivators and are characterized by having one or more LXXLL motifs that mediate their interaction with the LBD domain of ERα ([@B7],[@B8]). ERα coactivators include SRC-1, SRC-2/GRIP1/TIF2/NCoA2, SRC3/RAC3/p/CIP/ACTR/AIB1, CREB-binding protein (CBP)/p300 and CBP-associated factor (P/CAF). AF-2 coactivators enhance ERα transactivation through different mechanisms. Some coactivators, like TRAP/DRIP, enhance nuclear receptor activity through their interaction with members of the basal transcription machinery ([@B9]). Others, like SRC-1 and CBP/p300, modify the condensation status of the chromatin through their intrinsic histone acetyltransferase activity ([@B10],[@B11]).

In contrast, the nature of the AF-1 contribution to ERα transcriptional activity is not well understood. Functional and structural analyses of ERα activating domains have shown that AF-1 activity exhibits different promoter and cell specificity from AF-2, indicating that the two transactivating domains function through different mechanisms ([@B12],[@B13]). It has been suggested that AF-1 activity is regulated by the recruitment of coactivator proteins that mediate AF-1 transactivation or its direct interaction with the basal transcription machinery ([@B14]). The search for AF-1 specific coregulators has identified a number of highly diverse coregulator proteins including the coactivators known as p72/p68 and steroid receptor activator (SRA) ([@B15]). These proteins coactivate ERα as part of p72/p68 and p/300 complex ([@B16]). The AF-2-associated coactivators SRC-1 and p/300 were also shown to interact with the AF-1 domain of ERα ([@B17],[@B18]).

In this work, we sought to identify additional AF-1 coactivators in order to gain better insight into the mechanism responsible for ERα transactivation. We identified a 337 amino acid protein containing two PDZ domains that had been previously identified as a coactivator of nuclear testis differentiation factor SRY (SIP1) ([@B19]) and as a regulatory protein of the membrane-bound Na^+^/H^+^ Exchanger Regulatory Factor 2 (NHERF2) ([@B20]). We show that NHERF2 increases ERα transactivation by interacting predominantly with its AF-1 domain. Our results show that NHERF2 transcriptional activity is mediated through its recruitment to the promoter region of ERα target genes and its interaction with the AF-2-associated coactivator SRC-1. Functionally, NHERF2 overexpression increases transcription of endogenous E2-dependent genes and stimulates cell proliferation and tumor formation in mice. We show further that NHERF2 mRNA is overexpressed (2- to 17-fold) in 50% of breast cancer tumors compared to normal breast tissue. These results indicate that NHERF2 is a coactivator of ERα that may participate in the development of estrogen-dependent breast cancer tumors.

MATERIALS AND METHODS {#SEC2}
=====================

Reagents and antibodies {#SEC2-1}
-----------------------

Estradiol (17β-estradiol) and geneticin (G418) were from Sigma-Aldrich (St. Louis, MO). Cell-trace CFSE cell proliferation kit was from Invitrogen (Carlsbad, CA). Antibodies: ERα antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), anti-FLAG antibody was from Sigma-Aldrich (St. Louis, MO), SRC-1 antibody was from Pierce, Thermo Scientific and NHERF2 monoclonal antibody was purchased from Cell Signaling Technology. Knockdown assays were performed using NHERF-2 siRNA cocktail and control siRNA from Santa Cruz Biotechnology (Santa Cruz, CA).

Plasmids {#SEC2-2}
--------

pcDNA3.1-ERα and ERE-TK-Luc were kindly provided by Dr W. Lee Kraus, Cornell University, pcDNA-SRC1 was a gift of Dr R. Kurokawa, Saitama Medical University and MMTV-Luc was provided by Joe Torchia, University of Western Ontario. Human full-length NHERF2 cDNA was amplified by polymerase chain reaction (PCR) and cloned into the mammalian expression vector pcDNA3.1 (Invitrogen, Carlsbad, CA) and FLAG-tagged mammalian expression vector pCMV-3Tag-1A (Agilent Technologies, Santa Clara, CA). Glutathione S-transferase (GST)-NHERF2 full-length and deletion constructs were generated by subcloning into GST pGEX-4T-1 (Amersham Pharmacia Biotech, Piscataway, NJ). The sequences of all constructs were verified by DNA sequencing at LARAGEN Inc. (Culver City, CA).

Yeast two-hybrid screening {#SEC2-3}
--------------------------

A yeast two-hybrid screen was performed using the matchmaker two-hybrid system kit (CLONTECH). Briefly, a cDNA fragment encoding the AF-1 domain (amino acids 1--180) of ERα was subcloned into the pAS2.1 vector. A human mammary gland cDNA library in pACT2 plasmid was screened with bait construct pAS2.1/AF1 using sequential polyethylene glycol/lithium acetate transformation, according to the manufacturer\'s instructions. Y190 yeast cells harboring pAS2-1/AF1 and transformed with the cDNA library were plated on medium lacking tryptophan, leucine and histidine (SD/-Leu -Trp -His) containing 25 mM 3-amino-1,2,4-triazole(3-AT) and incubated for 2--4 days at 30°C. Resulting colonies were assayed for β-galactosidase activity. The positive AD plasmids were transformed into *Escherichia coli* DH5α cells for DNA sequencing and identification using Basic Local Alignment Search Tool (BLAST) analysis.

Immunofluorescence and confocal microscopy studies {#SEC2-4}
--------------------------------------------------

The cellular location of ERα and NHERF2 was determined by indirect immunofluorescence. Briefly, HepG2 cells were grown on glass coverslips and fixed with freshly prepared 3% paraformaldehyde solution. The cells were incubated first with primary antibodies and then with secondary antibodies conjugated with Alexa-546 (red) and Alexa-488 (green; both from Molecular Probes, Eugene, OR). Prolong-Gold Antifade reagent with DAPI (blue; Invitrogen) was used to counterstain the DNA. Confocal scanning analysis was done using an MRC600 laser-scanning confocal microscope (Bio-Rad, Hercules, CA). Each slide was examined for each stain at three excitation wavelengths (488, 546 and 633 nm).

Cell culture and transfection assays {#SEC2-5}
------------------------------------

HepG2, MCF7, ZR-75-1, CV-1 and AD293 cells were obtained from American Type Culture Collection (Manassas, VA) and maintained in α-MEM supplemented with 5% FBS (Fetal Bovine Serum), 100 U/mL penicillin and 100 μg/mL streptomycin in a humidified atmosphere containing 5% CO~2~ at 37°C. Cells were seeded into tissue culture dishes containing phenol red-free Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 5% charcoal/dextran-treated FBS and cultured for 24 h before all experimental treatments with hormone. Cells were transfected using the calcium phosphate-DNA coprecipitation method, which typically included 500 ng of ERE-TK-Luc, 200 ng of pCMVβGal (transfection control), 250 ng of pcDNA3.1-ERα, and 100--500 ng of pcDNA3.1-NHERF2 or other test vector. After 12 h, the cells were washed twice with phosphate-buffered saline (PBS) and treated with either 100 nM E2 or carrier (ethanol) for 24 h in phenol red-free DMEM supplemented with 5% stripped FBS. Cells were then washed and harvested in potassium phosphate lysis buffer containing 1% Triton X-100. Luciferase and β-galactosidase activities were measured using a monolight 3010 luminometer (Pharmingen). Cell lines stably overexpressing NHERF2 were generated by transfecting MCF7 cells with pCMV-3Tag-NHERF2 using Superfect (Qiagen, Valencia, CA) and, after 48 h, selected in medium containing G418 (500 μg/mL). For NHERF-2 knockdown assays, siRNA specific cocktail and siRNA control duplexes were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and transfected using X-tremeGENE siRNA Transfection Reagent (Roche). Reduction in NHERF2 expression was determined by western blot (WB) using specific anti-NHERF2 antibody.

GST pull-down assay {#SEC2-6}
-------------------

*In vitro* transcription and translation of the NHERF2 and ERα proteins were done using the TNT transcription/translation system (Promega) in the presence of \[^35^S\]-methionine. The GST pull-down assays were done by incubating equal amounts of GST, GST-NHERF2 or GST-ERα-domains immobilized on GST beads (Amersham Pharmacia Biotech, Piscataway, NJ) with *in vitro*-translated recombinant protein. Bound proteins were isolated by incubating the mixture for 3 h at 4°C and then washing five times with NP40 lysis buffer (20 mmol/l Hepes pH 7.9, 100 mmol/l NaCl, 1 mmol/l ethylenediaminetetraacetic acid (EDTA) pH 8.0, 4 mmol/l MgCl~2~, 1 mmol/l DTT, 0.02% NP40, 10% glycerol and 0.5 mmol/l PMSF). For endogenous ERα pull-down assay, the GST bound proteins were incubated with a whole cell extract of MCF7 cells, resuspended in TBS-0.2% triton X-100 and sonicated. The proteins were eluted with a 2x Laemmli sample buffer, separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), and visualized by autoradiography or immunoblot.

Immunoprecipitation and western blot {#SEC2-7}
------------------------------------

ZR-75-1 cells were lysed with TNTE buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA containing 0.5% Triton X-100 plus a mixture of protease and phosphatase inhibitors). MCF7 cells were lysed with RIPA buffer (Tris-HCl pH 7.4, 50 mM, NaCl 150 mM, 1 mM EDTA, 0.5% DOC (deoxycholic acid, sodium salt), 1% NP-40, 0.1% SDS). Proteins were immunoprecipitated with mouse monoclonal anti-ERα (D-12) or mouse monoclonal anti-SRC-1 (MA1-840, 1135/H4) (Pierce, Thermo Scientific). Immunoprecipitated proteins were separated by PAGE and detected by WB with rabbit monoclonal anti-NHERF2 (D3A5) antibody or rabbit polyclonal anti-ER (HC-20) antibody. Proteins were visualized by incubation with anti-rabbit secondary horseradish-peroxidase-conjugated antibody (Pierce, Thermo Fisher Scientific Inc.) and using an enhanced chemiluminescence assay (SuperSignal West Pico Chemiluminescent Sustrate, Thermo Scientific).

Chromatin immunoprecipitation and sequential ChIP (Re-ChIP) assays {#SEC2-8}
------------------------------------------------------------------

Chromatin immunoprecipitation (ChIP) assays were performed as previously described ([@B21]). Before immunoprecipitation, 10% of each chromatin preparation was set aside for use as a control DNA in polymerase chain reaction (PCR) amplification (input). ChIP was carried out at 4°C overnight with 2 μg of specific antibody. For re-ChIP, the DNA-protein complexes immunoprecipitated with the indicated antibodies were eluted with 10 mM dithiothreitol, diluted 20× in re-ChIP buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl, pH 8.0), and then reimmunoprecipitated with the indicated antibodies. The pS2 gene promoter region (ERE, −355 to −192) or DNA region located 3 kb upstream of the pS2 promoter (negative control, −3947 to −3639) was amplified by PCR. PCR analysis was also performed for Cathepsin-D (CSTD) promoter region (−568 to −416). PCR products were resolved on a 2% agarose gel and visualized with ethidium bromide. PCR bands were subjected to densitometry analysis using Molecular Imager FX and Quantity One software (Bio-Rad). The sequences of the primers used are as follows: pS2 promoter: sense 5′-ccggccatctctcactatgaa-3′, antisense 5′-agatccctcagccaagatgacc-3′; pS2 upstream control region: sense 5′-agctgggtgtccttgtaaag-3′, antisense 5′-gatccacttcctcccaaac-3′; CSTD promoter: sense 5′-GGTTTCTCTGGAAGCCCTGTAG-3′, antisense 5′-TCCTGCACCTGCTCCTCC-3′.

RT-PCR assay {#SEC2-9}
------------

The mRNAs encoding CTSD, CXCR4, pS2, ERα, NHERF2, HPRT and β-actin were amplified by rtPCR. Total RNA was isolated from MCF7, MCF7-FLAG-NHERF2 or MCF7 NHERF2-siRNA cells using TRIzol (Invitrogen) following the manufacturer instructions. Total RNA (2 μg) was used for cDNA synthesis using oligo (dT) primer and SuperScript II (Invitrogen). PCR amplification was carried out using Taq PCR master mix kit (Amplificase-BioTecMol) using the following primers: CTSD sense 5′-CGAGGTGCTCAAGAACTACATGGAC-3′, antisense 5′-ATCTGGGTCCCTGCTCAGGTAGAAG-3′; CXCR4 sense 5′-GCAATGGATTGGTCATCCTGGTCATGG-3, antisense 5′-GCCAACCATGATGTGCTGAAACTGG-3′; ERα sense 5′-CTGAACCGTCC GCAGCTCAAGATC-3′, antisense 5′-GTCTCCTTGGCAGATTCCATAGCC-3′; pS2 sense 5′ATGGCCACCATGGAGAACAAGG-3′, antisense 5′-CTAAAATTCACACTCCTCTTCTGG-3′; NHERF2 sense 5′-CGAAGCTGGCAAGAAGGATGTCAGTG-3′, antisense 5′-ATCCTCAGTGTCCTTGTC GGAACCAG-3′; HPRT sense 5′-GGCGTCGTGATTAGTGATGATGAACC-3, antisense 5′CTGGCTTATATCCAACACTTCGTGGG-3′; β-actin sense 5′-GGGTCAGAAGGATTCCTATG-3′, antisense 5′-GGTCTCAAACATGATCTGGG-3′. PCR products were separated by PAGE and visualized with ethidium bromide. Estrogen-dependent genes\' mRNA levels were normalized with respect to HPRT and β-actin mRNA levels.

CFSE labeling and proliferation assay {#SEC2-10}
-------------------------------------

MCF7 and MCF7-NHERF2 cells were incubated in serum-free medium for 24 h, and 6 × 10^5^ cells were stained with CSFE reagent (5 mM stock) using the CellTrace™ CFSE cell proliferation kit (Molecular Probes, Eugene, OR, USA) in a solution of PBS supplemented with 0.1% FBS for 30 min at 37°C. After treatment, cells were washed twice with PBS/0.1% FBS, incubated in MEM/5% FBS for 30 min at 37°C and washed twice more with PBS/1% FBS. The CSFE fluorescence intensity was measured at 24 and 48 h by fluorescence-activated cell sorting (FACS) analysis in a FACSCalibur (Becton-Dickinson, USA). Acquired data were analyzed using the FlowJo software (8.7v, Tree Star, Inc., Ashland, OR). The reduction in fluorescence per unit cell is taken as an indicator of the number of intervening cell divisions.

Mouse xenotransplantation experiments {#SEC2-11}
-------------------------------------

Two groups of nude mice (age 5--6 weeks, 9 mice/group) (Instituto Nacional de Nutrición y Ciencias Médicas) were implanted with 3×10^6^ control MCF7 cells or with 3×10^6^ MCF7-NHERF2 cells suspended in 50% matrigel. All animals were subdermally stimulated with estradiol (30 μg/week) for the duration of the experiment. After 7 weeks the animals were sacrificed and the tumors were extracted and weighted. All animal procedures were done in compliance with the Canadian Council on Animal Care and the guidelines for the ethical treatment of laboratory animals of Instituto de Investigaciones Biomédicas, Universidad Nacional Autónoma de México (UNAM).

NHERF2 mRNA expression in breast cancer tumor samples {#SEC2-12}
-----------------------------------------------------

The total RNA from fragments of breast cancer tumor biopsies obtained at the Instituto Nacional de Cancerología was isolated using Trizol. The samples were from ERα positive/progesterone receptor (PR) positive breast cancer tumors stages IIA and IIB for which neoplasia-free tissue was also collected during biopsies. None of the patients included in this study received medical treatment before the biopsy was obtained and confirmation of the histological type of cancer and immune-histochemistry pattern was defined. This part of the study was approved by the Ethical and Scientific Research Committees of the Instituto Nacional de Cancerología and Instituto de Investigaciones Biomédicas, UNAM. The levels of NHERF2 and β-actin mRNA were determined using a Lightcycler 480 real-time PCR system (Roche) and optimized specific primers and probes (TaqMan Gene Expression Assays, Applied Biosystems) and TaqMan Universal PCR Master Mix reagents (Applied Biosystems) according to the manufacturer\'s directions. The assay ID numbers of the TaqMan Gene Expression probes were (for NHERF2) Hs00191186_m1 and (for β-actin) Hs99999903_m1. The mRNA levels were calculated using the comparative CT method and expressed as fold increase relative to normal tissue after normalization using β-actin gene expression level ([@B22],[@B23]).

Analysis of NHERF mRNA expression using a cancer microarray database {#SEC2-13}
--------------------------------------------------------------------

To validate the relation between NHERF2 mRNA expression levels and breast cancer, we consulted the Oncomine microarray database ([www.oncomine.org](http://www.oncomine.org)) for analysis and visualization of the Cancer Genome Atlas (TCGA). The NHEREF2 mRNA expression levels were displayed using log2 median-centered ratio boxplots for breast carcinoma versus normal tissue, and for estrogen receptor negative (ERα−) versus estrogen receptor positive (ERα+).

Statistical analysis {#SEC2-14}
--------------------

Each transfection and ChIP assay was performed in triplicate in three different experiments using different cell cultures and chromatin preparations, respectively. Data are presented as mean ± S.E. Statistical significance was analyzed at 0.05 levels of significance using Student\'s *t*-test.

RESULTS {#SEC3}
=======

Identification of NHERF2 as an AF-1 interacting protein {#SEC3-1}
-------------------------------------------------------

To identify novel coregulators that recognize the activation function AF-1 of ERα, we used this region (amino acids 1--180) as bait in a yeast two-hybrid screen of 5 × 10^6^ independent clones of a human mammary gland cDNA library. Eleven cDNA clones were isolated and sequenced. Two showed almost identical sequences encoding a 337 amino acid protein containing two PDZ domains (Figure [1A](#F1){ref-type="fig"}). Sequence analysis using the BLAST program of the National Center for Biotechnology Information revealed that the candidate protein had been previously described as the human testis determining factor SRY-interacting protein (SIP-1) and as the regulatory factor of the small intestine brush-border membrane Na^+^/H^+^ exchanger, NHERF2.

![NHERF2 is an ERα associated protein. (**A**) NHERF2 protein sequence obtained from cDNA clones isolated by yeast two-hybrid screening. The PDZ domain1 (PDZ1, amino acids 10--88) and PDZ domain 2 (PDZ2, amino acids 152--238) are highlighted in gray. (**B**) Subcellular localization of NHERF2 and ERα NHERF2 (left panel, green) and ERα (middle panel, red) were visualized using specific antibodies as described in Materials and Methods. Cellular colocalization is shown by merging NHERF2 and ERα images (right panel, yellow). (**C**) Estradiol (E2) enhances NHERF2 binding to ERα. Nuclear protein extracts from MCF7 cells were incubated with a GST-NHERF2 fusion protein or a GST control protein. Proteins captured in the presence (E2) or absence (E2−) of estradiol were resolved by PAGE and the presence of ERα was visualized by western blot (WB). Input lane represents 10% of the nuclear extract used in the capture assays. (**D**) *In vitro* interaction between NHERF2 and ERα schematic representation of N-terminal (PDZ1), C-terminal (PDZ2) and full-length NHERF2 GST-fusion proteins used in pull-down assays is shown in the top panel. The bottom image shows \[^35^S\]methionine-labeled-ERα resolved by PAGE following capture by GST-NHERF2 full length (FL) or protein fragments (PDZ1, PDZ2) or GST control. Input represents 10% of the labeled ERα used in the assay. (**E**) NHERF2 interacts predominantly with the AF-1 domain of ERα. Schematic representation of N-terminal (AF-1) and C-terminal AF-2 fragments of ERα used in pull-down assays is shown at the top. The bottom image shows \[^35^S\]methionine-labeled-NHERF2 resolved by PAGE following capture by GST-AF1 or GST-AF2 ERα fragments or GST control. (**F**) Coomassie Brilliant Blue staining showed that equimolar amounts of GST proteins were used for the pull-down assay. (**G**) NHERF2 interacts with ERα *in vivo*. AD293 cells were transiently transfected with ERα with or without 3× FLAG-NHERF2. AD293 protein extracts were immunoprecipitated with anti-ERα followed by WB to detect FLAG-NHERF2 and ERα. (E) Endogenous NHERF2 interacts with ERα in the MCF7 breast cancer cell line. MCF7 cells were incubated for 45 min with 100 nM E2. Total cell lysates were subjected to immunoprecipitation with anti-ERα or IgG (as negative control) followed by WB with anti-ERα or anti-NHERF2.](gku311fig1){#F1}

NHERF2 colocalize in the cell nucleus with estrogen receptor α {#SEC3-2}
--------------------------------------------------------------

Immunostaining of E2-stimulated HepG2 cells with anti-ERα antibody (green) showed ERα predominantly localized in the cell nucleus (left panel, Figure [1B](#F1){ref-type="fig"}). Incubation of HepG2 cells with anti-NHERF2 antibody (red, center panel) demonstrated the presence of NHERF2 in the cytoplasm and nucleus but in greater abundance in the nucleus where it colocalizes (yellow, right panel) with ERα (Figure [1B](#F1){ref-type="fig"}).

E2 enhances the interaction between NHERF2 and ERα {#SEC3-3}
--------------------------------------------------

We made use of GST pull-down assays to assess the ability of E2 to influence the interaction between immobilized GST-NHERF2 fusion protein and ERα present in nuclear protein extracts from MCF7 cells. The captured proteins were resolved by PAGE and the presence of ERα was determined by WB analysis using an anti-ERα antibody. Our results showed that GST-NHERF2 was able to bind ERα in the absence of E2 (Figure [1C](#F1){ref-type="fig"}, E2−). However, addition of E2 to the protein extracts augmented substantially the amount of ERα captured by GST-NHERF2 (Figure [1C](#F1){ref-type="fig"}, E2+). Binding was absent with GST alone suggesting that the interaction between NHERF2 and ERα is specific (Figure [1C](#F1){ref-type="fig"}, GST).

We next examined the involvement of the N-terminal (PDZ1, amino acids 9--98, M.W. = 35 KDa) and C-terminal (PDZ2, amino acids 107--337, M.W. = 55 KDa) domains of NHERF2 on binding to ERα. Fusions made between GST and full-length NHERF2 or the PDZ1 or PDZ2 fragments were evaluated in GST pull-down assays for the ability to bind \[^35^S\]-methionine-labeled ERα (Figure [1D](#F1){ref-type="fig"}). The experiment showed that ERα interacts with both the PDZ1 and PDZ2 fragments, but the interaction with PDZ2 was better than with PDZ1 or full-length NHERF2. To identify the domains of ERα that interact with NHERF2, GST fusions were made with the AF-1 domain (amino acids 1--202, M.W. = 43 KDa) and with the carboxyl terminal fragment containing the AF-2 domain (amino acids 263--595, ER-AF2, M.W. = 62 KDa). The experiment revealed a greater interaction of the full-length NHERF2 with AF-1 than with AF-2 (Figure [1E](#F1){ref-type="fig"}). Together, these experiments suggest that NHERF2-ERα interaction may be mediated by the C-terminal PDZ2 domain of NHERF2 and the N-terminal AF-1 domain of ERα. In neither case was there interaction with the GST component of the fusion proteins, confirming the specificity of both binding experiments. As a control, GST-ERα and GST-NHERF2 fusion proteins were separated by PAGE and visualized by Coomassie blue staining to verify their purity and confirm that similar amounts of proteins were used in the pull-down assays (Figure [1F](#F1){ref-type="fig"}). Although the identity and integrity of all constructs was verified by DNA sequencing, the mobility of the GST-AF2 band was greater than expected (∼55 KDa instead of the predicted 62 KDa) and likely represents some structural integrity to the protein despite the presence of SDS.

NHERF2 interacts with ERα *in vivo* {#SEC3-4}
-----------------------------------

The potential interaction between NHERF2 and ERα was examined by coimmunoprecipitation assays using two different experimental strategies. First, AD293 cells were transiently transfected with pCDNA3.1-ERα (ERα) in the presence or absence of pCMV-3Tag-NHERF2 (FLAG-NHERF2). The cells were stimulated with E2 and immunoprecipitated with anti-ERα antibody. NHERF2 was detected in the ERα pull-down in cells transfected with FLAG-NHEF2 but not in untransfected cells (Figure [1G](#F1){ref-type="fig"}). The input levels of NHERF2 and ERα were examined by WB, revealing a low level of endogenous NHERF2 and a substantial increase after transfection (Figure [1G](#F1){ref-type="fig"}, Input). The relatively faint band corresponding to NHEF2 in the ERα pull-down suggests that the interaction between the two proteins is relatively weak or that the transfected level of expressed ERα was limiting in the experiment, but shows nevertheless that the two proteins interact in AD293 cells. We therefore sought to determine if endogenous NHERF2 and ERα interact in cells. For this experiment, we examined interaction in MCF7 cells stimulated with E2. The immunoprecipitation was conducted with anti-ERα or IgG as control and the blots were probed with anti-NHERF2 or anti-ERα. Our results confirmed that endogenously expressed NHERF2 interacts with ERα in MCF7 cells treated with E2 (Figure [1H](#F1){ref-type="fig"}). Again the NHERF2 band was faint, despite a high level of endogenous NHERF2 assessed by WB of 10% of the protein extract used in the assay (Figure [1H](#F1){ref-type="fig"}, Input). While both experiments demonstrate ERα-NHERF2 interaction, together the experiments suggest the interaction is weak or that other components may be required.

NHERF2 enhances ERα transcriptional activity {#SEC3-5}
--------------------------------------------

To test whether NHERF2 affects ERα transactivating activity, we performed transient transfection assays in two ERα-expressing cell lines (MCF7 and HepG2) and in ERα-negative CV-1 cells. In these transfection assays, pcDNA3.1-NHERF2 was the source of NHERF2 overexpression and the vector ERE-TK-LUC was used as the indicator of ERα transcriptional activity. CV-1 cells were also cotransfected with pcDNA3.1-ERα. All three cell lines showed baseline luciferase activity that could be stimulated by the addition of E2 (Figure [2](#F2){ref-type="fig"}, Control, panels A--C). With overexpression of NHERF2, all three cell lines showed significant E2-dependent stimulation of ERα transactivation activity (Figure [2](#F2){ref-type="fig"}).

![NHERF2 overexpression enhances ERα transactivation. Three cell lines, CV-1 (**A**), MCF7 (**B**) and HepG2 (**C**), were transiently transfected with empty pcDNA vector ('Control') or pcDNA3.1-NHERF2 ('NHERF2') along with ERE-TK-Luc in each case, and the effect on ERα transactivation was determined by assay of luciferase activity, as described in Materials and Methods. Assays were performed in triplicate in three independent experiments in the presence (gray bars) or absence (white bars) of E2 and the results are represented as mean ± S.E. (**D**) NHERF2 knockdown impairs ERα transactivation. MCF7 cells were transfected with NHERF2-specific siRNA or with an unrelated siRNA (control), along with ERE-TK-Luc, in the presence of E2. The effect on endogenous NHERF2 protein levels was visualized after 48 h by WB (Top panel), and the effect on ERα transactivation was determined by luciferase assay. Results, in triplicate in three independent experiments, are represented as mean ± S.E. (**E**) NHERF2 exhibits intrinsic transcriptional activity. NHERF2 transcriptional activity was assayed using the GAL4-UAS system. MCF7 cells were transfected with Gal4-DBD-NHERF2 (gray bar) or the Gal4-DBD alone (white bar), as the control, and a luciferase reporter containing a promoter with five UAS elements in tandem (5× UAS-luciferase, top panel). Luciferase activity, from three experiments assayed in triplicate, was normalized with respect to cells expressing Gal4-DBD and represented as mean ± S.E.](gku311fig2){#F2}

To determine the biological relevance of NHERF2 as a coactivator of ERα, we used siRNA knockdown assays in MCF7 cells to test the effects of reducing endogenous NHERF2 protein expression on E2-dependent transcriptional activation. First, we determined the efficiency of siRNA to reduce NHERF2 protein levels by WB analysis of protein extracts prepared from MCF7 cells transfected with NHERF2-siRNA or with an unrelated control siRNA. Our results showed a significant reduction in NHERF2 protein levels in cells transfected with NHERF2-siRNA compared to MCF7 cells transfected with the control siRNA (Figure [2D](#F2){ref-type="fig"}, upper panel, α-NHERF2) suggesting that the siRNA-mediated knockdown of NHERF2 expression is specific. ERα protein levels in MCF7 cells were not affected by transfection of control siRNA or siRNA-NHERF2 (Figure [2D](#F2){ref-type="fig"}, upper panel, α-ERα). In this experiment, the levels of GADPH were used as loading control (Figure [2D](#F2){ref-type="fig"}, upper panel, GADPH). Next, we determined the activity of ERα in E2-stimulated MCF7 cells transfected with NHERF2-siRNA or the control siRNA. These experiments demonstrated that siRNA-mediated knockdown of NHERF2 expression produced a 60% reduction in the ERα activity compared to control cells (Figure [2D](#F2){ref-type="fig"}, lower panel).

NHERF2 exhibits intrinsic transcriptional activity {#SEC3-6}
--------------------------------------------------

To explore the mechanism by which NHERF2 acts as a coactivator of ERα, we tested whether this protein has intrinsic transcriptional activity. NHERF2 was expressed as a fusion protein with the DNA binding domain of the yeast transcription factor GAL4 (GAL4-NHERF2) and cotransfected into MCF7 cells with a vector containing the luciferase reporter gene under the control of five GAL4 responsive elements (Figure [2E](#F2){ref-type="fig"}, top panel). The luciferase activity of GAL4-DBD-NHERF2 expressing cells was compared to the activity observed in MCF7 cells transfected with the GAL4-DNA-binding domain alone. The expression of GAL4-DBD-NHERF2 fusion protein increased the luciferase activity by about 7-fold with respect to the control GAL4-DNA binding domain (Figure [2E](#F2){ref-type="fig"}).

NHERF2 is recruited to the promoter of the estradiol-dependent pS2 gene in MCF7 cells {#SEC3-7}
-------------------------------------------------------------------------------------

To assess the role of NHERF2, we performed ChIP to identify whether endogenous NHERF2 is recruited to estrogen response element (ERE) at the core promoter of the pS2 gene in MCF7 cells stimulated with 100 nM E2 at 45 min. After ChIP analysis using anti-ERα antibody to enrich for target sequences, a fragment of 163 bp (−355 to −192) of the pS2 promoter could be amplified by PCR from MCF7 cells even before E2 stimulation (Figure [3A](#F3){ref-type="fig"}, ERE, α-ERα panel). However, the PCR product obtained increased after E2 stimulation indicating, as expected, that occupation of the pS2 promoter by ERα was hormone-dependent (Figure [3A](#F3){ref-type="fig"}, ERE, α-ERα panel). ChIP analysis of MCF7 cells using anti-NHERF2 antibody showed that this protein was also recruited to the pS2 promoter both in the absence and presence of E2. However, in the presence of E2, recruitment of NHERF2 to ERE was also enhanced (Figure [3A](#F3){ref-type="fig"}, ERE, α-NHERF2 panel). The specificity of ERα and NHERF2 binding to the pS2 promoter was confirmed when a pair of primers complementary to a DNA region localized upstream of the ERE (−3947 to −3639), failed to produce a PCR product after ChIP using either anti-NHERF2 or anti-ERα antibodies (Figure [3A](#F3){ref-type="fig"}, control region).

![NHERF2 and ERα bind to estrogen response elements (EREs) in target gene promoters to induce transcription. (**A**) MCF7 cells were treated without or with 100 nM E2 for 45 min. ChIP assay were carried out using anti-ERα, anti-NHERF2 or without antibody (Mock). PCRs were done with primers spanning the ERE region from the endogenous pS2 promoter (pS2 ERE region, 163 bp) or a region 4 kb upstream of pS2 (pS2 Control Region, 358 bp), as negative control. (**B**) Stable NHERF2 overexpression in MCF7 breast cancer cells line. MCF7 cells were transfected with pCMV-3Tag-NHERF2 and selected using geneticin as described in Materials and Methods. Whole cell protein extracts of MCF7 or FLAG-NHERF2-MCF7 cells were subjected to WB or Immunoprecipitation (IP) with anti-FLAG specific antibody followed by WB with anti-NHERF2. (**C**) NHERF2 overexpression increases pS2 gene transcription. Total RNA isolated from control MCF7 cells (white bars) or stably transfected FLAG-NHERF2 MCF7 cells (gray bars) was used to determine pS2 mRNA levels by rt-PCR using β-actin mRNA levels to normalize the results. PCR products were resolved in agarose gels and densitometry analysis under UV light was performed. Results are represented as mean ± S.E. of three different experiments done in triplicate. (**D**) NHERF2 down-regulation by siRNA reduced the expression of ERα target genes. Total RNA isolated from MCF7 cells treated with siCtrl (white bars) or with siNHERF2 (gray bars) was used to determine mRNA levels of NHERF2, CTSD, pS2, Adora1 and CXCR4 by RT-PCR using HPRT mRNA levels to normalize the results. PCR products were resolved in agarose gels and densitometry analysis under UV light was performed.](gku311fig3){#F3}

NHERF2 affects pS2 mRNA levels {#SEC3-8}
------------------------------

The effect of NHERF2 on pS2 transcription was explored by determining pS2 mRNA levels in control MCF7 cells and in MCF7 cells that stably overexpress NHERF2. MCF7 cells were transfected with a pCMV-3TAG-NHERF2 construct that directed the expression of NHERF2 containing three FLAG epitopes at its amino-terminus (FLAG-NHERF2). MCF7 were selected in the presence of geneticin as described in Materials and Methods. NHERF2 overexpression was confirmed by immunoblot using anti-NHERF2 antibody (Figure [3B](#F3){ref-type="fig"}). Control MCF7 cells exhibited one NHERF2 protein band compared to FLAG-NHERF2-MCF7 cells that showed two protein bands corresponding to endogenous NHERF2 (lower band) and FLAG-NHERF2 (upper band) (Figure [3B](#F3){ref-type="fig"}, input lanes). Immunoprecipitation using anti-FLAG antibody followed by WB using anti-NHERF2 antibody confirmed the expression of FLAG-NHERF2 (Figure [3B](#F3){ref-type="fig"}, IP: α-FLAG lane). Next, the effect of NHERF2 on pS2 transcription was explored by determining pS2 mRNA levels in control MCF7 cells and in FLAG-NHERF2-MCF7 before and after E2 stimulation. In the absence of E2, the level of pS2 mRNA in FLAG-NHERF2-MCF7 cells was 90% higher than in control MCF7 cells (Figure [3C](#F3){ref-type="fig"}, E2−). After E2 treatment, the mRNA levels increased in both control MCF7 and FLAG-NHERF2-MCF7 cells (Figure [3C](#F3){ref-type="fig"}, E2+). However, the level of pS2 mRNA in FLAG-NHERF2-MCF7 cells was 46% higher than in control MCF7 cells following E2 treatment (Figure [3C](#F3){ref-type="fig"}).

To assess the relevance of NHERF2 in ERα-mediated transcriptional regulation, we evaluated the effect of siRNA-mediated reduction of NHERF2 expression in the mRNA levels of E2 responsive CTSD, pS2, Adora1 and CXCR4 genes by rt-PCR. Our results showed that transfection of siRNA-NHERF2 into MCF7 cells reduced NHERF2 mRNA by 55% compared to MCF7 transfected with control siRNA (Figure [3D](#F3){ref-type="fig"}). Further, the presence of siRNA-NHERF2 in MCF7 cells reduced the mRNA levels of the endogenous ER target genes CTSD, pS2, Adora1 and CXCR4 by 22%, 25%, 16% and 22%, respectively (Figure [3D](#F3){ref-type="fig"}).

NHERF2 enhances the activity of the steroid receptor coactivator 1 (SRC-1) {#SEC3-9}
--------------------------------------------------------------------------

To further elucidate the molecular mechanism of the NHERF2 coactivator on ERα activity, we evaluated the possibility that NHERF2 affects the activity of AF-2 recruited coactivators such as SRC-1. We compared the effect of transient expression of SRC-1 on ERα transactivation in control MCF7 and FLAG-NHERF2-MCF7 cells. E2 stimulation of control MCF7 cells transfected with an empty pcDNA vector produced a 3-fold increase in ERα activity (Figure [4A](#F4){ref-type="fig"}, control). Transfection of SRC-1 into control MCF7 cells in the presence of E2 produced a 7-fold increase in ERα transactivation (Figure [4A](#F4){ref-type="fig"}, SRC-1). In contrast, the presence of SRC-1 in NHERF2 stably overexpressing cells increased both the basal and E2-dependent ERα activity by 30-fold and 90-fold, respectively (Figure [4A](#F4){ref-type="fig"}, FLAG-NHERF2-MCF7 cells).

![NHERF2 and SRC-1 form a complex to enhance ERα transactivation. (**A**) NHERF2 enhances the activity of the steroid receptor coactivator 1 (SRC-1). Control MCF7 cells and FLAG-NHERF2-MCF7 cells were transfected with pcDNA-SRC1 vector and ERα activity was determined by luciferase assay using the ERE-TK-Luc reporter. The cells were grown in the absence (white bars) or presence (gray bars) of E2 for 48 h. All results were normalized to luciferase activity observed in control MCF7 cells transfected with empty pcDNA vector ('Control'). Results were expressed as mean relative luciferase activity ± S.E. (**B**) NHERF2 knockdown impairs SRC1 coactivator activity on ERα transactivation. MCF7 cells were transfected with pcDNA-SRC1 in the presence of an NHERF2-specific siRNA (gray bar) or an unrelated control siRNA (white bars) as described in Materials and Methods. ERα activity was determined using the ERE-luciferase reporter in the presence of 100 nM E2. The results were normalized to luciferase activity of control MCF7 cells transfected with empty pcDNA vector and the unrelated control siRNA. (**C**) NHERF2 interacts with ERα and SRC-1 in ZR-75-1 breast cancer cells. Whole cell protein extracts were subjected to IP using anti-ERα (upper panel), anti-SRC-1 (lower panel) followed by immunoblot using anti-NHERF2, anti-ER or anti-SRC-1 antibodies. As a negative control immunoprecipitation was performed using anti-IgG (IgG, upper and lower panels). (**D**) ERα and SRC-1 are recruited to CTSD and pS2 promoters in E2-stimulated MCF7 cells. MCF7 cells were treated without or with100 nM E2 for 45 min. ChIP assays were carried out using anti-ERα or anti-NHERF2 antibodies. PCRs were done with primers spanning the ERE region from the endogenous pS2 promoter (163 bp) or CTSD (152 bp). (**E**) Presence of a NHERF2/ERα/SRC-1 complex on the pS2 and CTSD promoters. MCF7 cells were treated with E2 for 45 min, and a Re-ChIP assay was carried out using anti-ERα or anti-SRC-1 antibodies for the first IP, and anti-ER, anti-NHERF2 or IgG (as negative control) for the second IP. PCRs were done with primers spanning the ERE region from the endogenous pS2 promoter (163 bp) or CTSD (152 bp). (**F**) FLAG-NHERF2 overexpression affects the recruitment of SRC-1 to CTSD promoter. MCF-7 were transiently transfected with (+) or without (−) FLAG-NHERF2. ChIP assays were performed using anti-FLAG, anti-ERα, anti-SRC-1 or without antibody (mock). PCR amplifications were done with primers spanning the ERE region from the endogenous CTSD (152 bp).](gku311fig4){#F4}

To confirm the functional interaction between NHERF2 and SRC-1, we examined the effect of reducing the endogenous NHERF2 protein levels on SRC-1 coactivator activity acting on ERα. MCF7 cells were transiently cotransfected with SRC-1 and either the control siRNA or the specific NHERF2 siRNA. The ERα activity of MCF7 control cells transfected with empty pcDNA vector was used to normalize the results (Figure [4B](#F4){ref-type="fig"}). The results showed that MCF7 cells transfected with SRC-1 and the control siRNA exhibited a 65% increase in ERα activity compared with MCF7 cells transfected with the empty pcDNA vector and the control siRNA (Figure [4B](#F4){ref-type="fig"}, control siRNA). In contrast, transfection of SRC-1 in the presence of the specific NHERF2 siRNA almost completely abolished the coactivating effect of SRC-1 on ERα, producing only a 10% increase in luciferase activity (Figure [4B](#F4){ref-type="fig"}, NHERF2-siRNA). These results suggest that reduction of NHERF2 expression attenuates the SRC-1 effect on ERα transactivation in breast cancer cells.

NHERF2 interacts with ERα and SRC-1 in breast cancer cells {#SEC3-10}
----------------------------------------------------------

To investigate the mechanism responsible for the functional cooperation between NHERF2 and SRC-1, we explored the possibility that both proteins are physically associated *in vivo*. Whole protein extracts from ERα-expressing ZR-75-1 breast cancer cells were immunoprecipitated using anti-ERα (Figure [4C](#F4){ref-type="fig"}, upper panel) or anti-SRC-1 (Figure [4C](#F4){ref-type="fig"}, lower panel) antibodies followed by immunoblotting using anti-NHERF2 antibody. Our results showed that in ZR-75-1 cells, NHERF2 is associated with ERα (Figure [4C](#F4){ref-type="fig"}, upper panel) and SRC-1 (Figure [4C](#F4){ref-type="fig"}, lower panel). These results suggested the possibility that NHERF2 enhances ERα transactivation through its binding to the AF1 domain of the nuclear receptor and its interaction with AF2-associated coactivators like SRC-1. As a control, IP membranes were subjected to immunoblotting using anti-ERα or anti-SRC-1 to evaluate the immunoprecipitation efficiency of the studied proteins (Figure [4C](#F4){ref-type="fig"}).

The formation of a NHERF2/SRC1/ERα complex on the E2-activated promoters was tested using sequential ChIP assays (Re-ChIP). First, the recruitment of ERα and SRC-1 to the ERE region in the promoters of pS2 and CTSD genes was analyzed by ChIP. These experiments were performed using anti-ERα and anti-SRC-1 antibodies in MCF7 cells before and after 45 min of E2 stimulation. Our results showed that ERα and SRC-1 recruitment to the ERE region of pS2 and CTSD promoters is enriched after E2 stimulation (Figure [4D](#F4){ref-type="fig"}). Next, the ChIP assay was repeated under the same experimental conditions but this time the DNA-protein complexes, immunoprecipitated with anti-ERα or anti-SRC-1 antibodies, were subjected to a second round of immunoprecipitation using anti-NHERF2 antibody (Figure [4E](#F4){ref-type="fig"}). This experiment showed that NHERF2 can be detected in the protein complexes associated to the ERE of pS2 and CTSD promoters (Figure [4E](#F4){ref-type="fig"}). Our ChIP/Re-ChIP experiment suggests that E2 stimulates the assembly of an ERα-NHERF2-SRC-1 complex on the promoter of ERα target genes.

To explore whether NHERF2 affects the recruitment of ERα and SRC-1 to the promoter of E2 responsive genes, we performed ChIP assays in E2-stimulated MCF-7 cells transiently transfected with pCMV-3Tag-NHERF2 or empty pCMV-3Tag vector. The experiments were carried out using anti-FLAG, anti-ERα or anti-SRC-1 antibodies. The presence of FLAG-NHERF2 in the CTSD promoter of MCF-7 cells was confirmed in a control ChIP using anti-FLAG antibody (Figure [4F](#F4){ref-type="fig"}, Flag-NHERF2+). Our results showed that ERα recruitment to the CTSD promoter was not affected by FLAG-NHERF2. In contrast, the presence of FLAG-NHERF2 enhanced the SRC-1 recruitment to the CTSD promoter (Figure [4F](#F4){ref-type="fig"}). These results suggest that NHERF2 may facilitate the recruitment of SRC-1 to ERα during the transcriptional activation of E2 responsive genes.

NHERF2 overexpression enhances proliferation of MCF7 cells {#SEC3-11}
----------------------------------------------------------

In human breast cancer cells the activity of ERα is associated with cell proliferation. To test whether NHERF2 overexpressing cells proliferate at a different rate than control MCF7 cells, we used a cell tracing assay in which cells treated with CFSE are allowed to divide in culture for 24 h or 48 h. After labeling, all cells were uniformly stained with CFSE. However, after 24 h and 48 h in culture NHERF2-MCF7 cells retained less CFSE than control MCF7 cells (Figure [5A--C](#F5){ref-type="fig"}), indicating a slower rate of cell division by the control cells.

![NHERF2 enhances proliferation and tumorigenic potential of MCF7 cells. The effect of NHERF2 overexpression on MCF7 cells proliferation was analyzed using the CFSE assay as described in Materials and Methods. Control MCF7 and FLAG-NHERF2-MCF7 cells were analyzed every 24 h after CFSE labeling by FACS. Representative histograms showing the fluorescence intensity distribution of MCF7 and FLAG-NHERF2-MCF7 transfected cells at 24 h (**A**) and 48 h (**B**) after CFSE labeling compared with MCF7 control (time 0) cells. (**C**) Representative histogram displaying CFSE fold reduction of FLAG-NHERF2-MCF7 cells (gray bars) compared to control MCF7 cells (white bars) at 24 and 48 h after CFSE labeling. (**D**) NHERF2 overexpression increases the tumorigenic potential of MCF7 cells in a nu/nu mouse model. Two groups of 8 nu/nu mice were injected with 3×10^6^ control MCF7 cells or 3×10^6^ FLAG-NHERF2-MCF7 cells as described in Materials and Methods. After 30 days the animals were sacrificed and the tumors were isolated and weighted. Tumor weight is represented as mean ± S.E.](gku311fig5){#F5}

NHERF2 overexpression induces tumor growth in nude mice {#SEC3-12}
-------------------------------------------------------

Given the stimulatory effect of NHERF2 on MCF7 cell proliferation, we explored whether NHERF2 could also influence tumor growth by comparing the tumorigenic potential of FLAG-NHERF2-MCF7 cells and control MCF7 cells injected subcutaneously in a nude mouse model as described in Materials and Methods. Our results showed NHERF2-overexpressing MCF7 cells produced tumors in seven out of eight mice injected with these cells. In comparison, only three out of eight mice injected with control MCF7 cells were found to have tumors at the end of the experiment (Figure [5D](#F5){ref-type="fig"}). When the tumors were removed, we found that most of tumors produced by FLAG-NHERF2-MCF7 cells exhibited a larger weight compared to tumors produced by control MCF7 cells (Figure [5D](#F5){ref-type="fig"}).

NHERF2 mRNA expression levels in breast cancer tumors {#SEC3-13}
-----------------------------------------------------

In recent years numerous studies have associated changes in the expression levels of different ERα coregulators with cancer progression, invasiveness, poor prognosis or resistance to hormonal treatment ([@B24]). In order to explore whether changes in NHERF2 expression could be associated with breast cancer, we determined NHERF2 mRNA expression levels in tumor and cancer-free mammary gland tissue samples from 20 patients diagnosed with stages IIA and IIB of ERα positive breast cancer. Our results showed that in 50% of the breast tumors analyzed (10 patients) NHERF2 mRNA was overexpressed 2- to 17-fold compared to cancer-free tissue mRNA levels (Figure [6](#F6){ref-type="fig"}). The remaining tumors (10 patients) showed normal or slightly below normal NHERF2 mRNA levels.

![NHERF2 mRNA expression in breast cancer tumors. Total RNA was isolated from breast cancer tumor samples and cancer-free mammary tissue obtained during biopsies of 22 patients diagnosed with ERα+ breast cancer. NHERF2 mRNA was amplified by RT- real time quantitative PCR and its relative expression levels were calculated by the 2^−ΔΔ*C*^~T~ method using β-actin as a reference gene as described in Materials and Methods. NHERF2 mRNA levels in tumor samples were normalized with respect to NHERF2 mRNA levels in normal tissue and represented as mean ± S.E.](gku311fig6){#F6}

Correlation between NHERF2 mRNA expression levels and breast carcinoma using the Oncomine cancer microarray database {#SEC3-14}
--------------------------------------------------------------------------------------------------------------------

To confirm the relationship between NHERF2 expression levels with breast cancer tumorigenesis, we compared the expression levels of NHERF2 in normal tissues and breast carcinomas using the Oncomine database. Our results showed that 6 of the 12 data sets, which contain gene chip profiles classified as normal or breast carcinoma tissues, showed that NHERF2 mRNA expression levels are moderately higher in breast carcinomas than in normal tissue. Representative results of two independent data sets are shown in Figure [7A](#F7){ref-type="fig"} ([@B29],[@B30]). Further analysis of the database showed that in seven of nine data sets NHERF2 expression is modestly elevated in ERα+ breast cancer tumors compared to ERα− breast cancer tumors. Two representative results of two independent data sets ([@B31],[@B32]) are shown in Figure [7B](#F7){ref-type="fig"}.

![NHERF2 mRNA expression in a breast cancer microarray database. (**A**) NHERF2 mRNA expression in normal and breast carcinoma tissues was analyzed in 12 different data sets using the Oncomine database. Two representative results obtained from independent data sets (Curtis *et al.* ([@B29]) and Radvanyi *et al.* ([@B30])) are shown. The tissues analyzed in Curtis data set are breast (NB), benign breast neoplasm (BBN), breast carcinoma (BC), breast phyllodes tumor (BPT), ductal breast carcinoma *in situ* (DBCis), invasive breast carcinoma (IBC), invasive ductal and invasive lobular breast carcinoma (IDILBC), invasive ductal breast carcinoma (IDBC), invasive lobular breast carcinoma (ILBC), medullary breast carcinoma (MeBC), mucinous breast carcinoma (MuBC) and tubular breast carcinoma (TBC). The tissues analyzed in Radvanyi data set are breast (NB), ductal breast carcinoma *in situ* (DBCis), invasive ductal breast carcinoma (IDBC), invasive lobular breast carcinoma (ILBC) and invasive mixed breast carcinoma (IMBC). (**B**) NHERF2 mRNA expression in ERα− and ERα+ breast carcinomas was compared using nine data sets from the Oncomine database. Two representative results obtained from independent data sets (Zhao *et al.* ([@B31]) and Richardson *et al.* ([@B32])) are shown.](gku311fig7){#F7}

DISCUSSION {#SEC4}
==========

In this report we have identified human NHERF2 as an ERα-associated protein in a yeast two-hybrid assay. Previous studies had described NHERF2 as a coregulator of the testis determining factor SRY and as a regulatory protein of different membrane-associated receptors and transporter proteins ([@B33]). Structurally, NHERF2 belongs to a class of multiple PDZ domain-containing proteins that function as scaffolds for the formation of multi-protein complexes in cells ([@B34]). PDZ domains function as protein--protein interaction modules that recognize specific C-terminal sequences in their target proteins. However, a small group of PDZ proteins has been shown to mediate the recognition of non C- terminal motifs ([@B35]). NHERF2, in its association with ERα, fits in this latter, less common group of PDZ proteins by using its PDZ2 domain to interact with the N-terminal AF-1 domain of this nuclear receptor. The binding of NHERF2 to ERα is also atypical if we compare it with the binding mechanism used by other coregulators to interact with nuclear receptors. For example, members of the p160 family of coactivators SRC-1, GRIP1/TIF2 and SRC-3/AIB1 possess several LXXLL motifs that mediate their ligand-dependent interaction with the AF-2 region of nuclear receptors. The preferential binding of NHERF2 to AF-1 is consistent with the absence of LXXLL motifs in the sequence of this protein. The association of NHERF2 to ERα *in vivo* was confirmed using different experimental approaches. First exogenously expressed FLAG-NHERF2 and ERα were coimmunoprecipitated from AD293 cells. Second, interaction between endogenous ERα and endogenous NHERF2 was demonstrated by coimmunoprecipitation assays using two different ERα-expressing breast cancer cell lines (MCF7 and ZR-75-1).

Transient transfection assays showed that NHERF2 overexpression produced a significant increase in ERα transactivation in all cell lines tested. In contrast, siRNA-mediated reduction of endogenous NHERF2 protein levels impaired ERα transactivation and the expression of estrogen target genes (pS2, CTSD, Adora1 and CXCR4) in MCF7 cells, suggesting this protein participates in the regulation of ERα transcriptional activity in breast cancer cells. These results and the recruitment of both NHERF2 and ERα to the promoters of pS2 and CTSD genes after E2 stimulation in ZR-75-1 and MCF7 cells lines confirm the role of NHERF2 as a bona fide ERα coactivator.

Molecular and functional characterization of different nuclear receptors has shown that full nuclear receptor transcriptional activity is the result of the synergistic functional interaction between the AF-1 and AF-2 protein regions. This process is mediated at least in part by SRC-1 and p300 acting as bridge molecules between the two activating functions of ERα. It is conceivable that AF-1 associated proteins, such as NHERF2, may functionally interact with SRC-1 and other AF-2 associated coregulators. In this work we tested this hypothesis studying the effect of NHERF2 on the coactivator activity of SRC-1. Our results show that when SRC-1 was transiently transfected into stably NHERF2 overexpressing breast cancer MCF7 cells it synergistically augmented ERα transactivation 10-fold compared to the effect of SRC-1 transfected in control MCF7 cells. Furthermore, the selective knockdown of NHERF2 expression resulted in a significant reduction in the ability of SRC-1 to increase E2-dependent ERα transactivation in these cells. These results suggest the possibility that these coactivators may function through a common or complementary pathway. To investigate the mechanism responsible for the functional interaction of NHERF2 and SRC-1, we performed coimmunoprecipitation experiments in different cells lines. These experiments demonstrated that NHERF2 interacts with SRC-1 in ERα+ breast cancer cells *in vivo*. Further, ChIP and reChIP assays show that NHERF2 participates in the assembly of a protein complex including ERα and SRC-1 that is recruited to the promoter region of the E2-responsive genes pS2 and CTSD.

NHERF2 was shown to possess an intrinsic ERα-independent transcriptional activity capable of activating the transcription of a luciferase reporter when expressed as a GAL4-DBD fusion protein. Unlike other coactivator proteins, NHERF2 does not have a histone acetyltransferase domain that could suggest that its activity is achieved via direct chromatin modification. Instead, we propose that the function of NHERF2 as an ERα coactivator is mediated by its binding to AF-1 and by facilitating the recruitment of SRC-1, a coactivator with histone acetyltransferase activity, to promoters of E2-activated genes. The role of NHERF2 as a facilitator of SRC-1 is supported by ChIP assays that showed that NHERF2-expressing MCF-7 cells exhibit an increased occupancy of the CTSD promoter by SRC-1 compared to control MCF7 cells.

The enhancement of ERα transactivation through its direct interaction with SRC-1 is a mechanism that NHERF2 seems to share with other AF-1-associated coactivators like the RNA binding proteins p72/p68. These factors were recently identified as a novel class of ERα coactivators that interact with AF-1 and form a complex with the steroid receptor RNA activator (SRA) and members of the p160 family of proteins including SRC-1 ([@B16]). We suggest that NHERF2 binding to AF-1 and its functional and physical interaction with AF-2 coactivator complexes that include SRC-1 may be involved in the mechanism responsible for the functional synergism of the AF-1 and AF-2 domains of ERα.

It has been suggested that nuclear receptor activity is the result of the cellular balance of coactivators and corepressors ([@B38]). ERα coactivators promote cell proliferation and their overexpression has been often associated with different forms of cancer ([@B39]). For example, increased protein levels of SRC-1 have been shown to correlate with lymph node metastasis, disease recurrence and poor disease-free survival in breast cancer ([@B40]). In this study, we showed that MCF7 cells overexpressing NHERF2 exhibit a significant increase in ERα-dependent transcriptional activation, cell proliferation and tumorigenicity potential in mice. Significantly, NHERF2 mRNA levels were elevated in 50% of the breast cancer tumor samples analyzed. An analysis of a cancer microarray database revealed that NHERF2 mRNA expression levels are modestly elevated in breast carcinoma tumors compared to normal tumors and suggested that NHERF2 expression may correlate with tumor ERα positivity.

Based on NHERF2 strong coactivator activity on ERα and the potentiation of SRC-1 function, we hypothesized NHERF2 may be an important factor in promoting ER-dependent cell growth in breast cancer tumorigenesis. In summary, this work has identified NHERF2 as a novel AF1-associated protein required for ERα transactivation. The effect of this coactivator in cell proliferation and tumor formation and the finding that NHERF2 mRNA is overexpressed in a significant percentage of breast cancer tumors open the possibility that NHERF2 may also be an important participant in the development of human breast cancer. Further studies will be necessary to explore the potential of NHERF2 as a tumor marker in the development of new diagnostic and therapeutic strategies for breast cancer.
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